Plasticity of adult neurogenesis supports adaptation to environmental changes. The identification of molecular mediators that signal these changes to neural progenitors in the niche has remained elusive. Here we report that diazepam binding inhibitor (DBI) is crucial in supporting an adaptive mechanism in response to changes in the environment. We provide evidence that DBI is expressed in stem cells in all neurogenic niches of the postnatal brain. Focusing on the hippocampal subgranular zone (SGZ) and employing multiple genetic manipulations in vivo, we demonstrate that DBI regulates the balance between preserving the stem cell pool and neurogenesis. Specifically, DBI dampens GABA activity in stem cells, thereby sustaining the proproliferative effect of physical exercise and enriched environment. Our data lend credence to the notion that the modulatory effect of DBI constitutes a general mechanism that regulates postnatal neurogenesis.
In Brief
Dumitru and colleagues demonstrate that the endozepine DBI is expressed in stem cells in all neurogenic niches in the adult. The negative modulation of GABA A receptors in hippocampal stem cells translates to an expansion of the stem cell pool, providing an adaptive mechanism in response to changes in the environment.
INTRODUCTION
The vast majority of neurons are generated during development (Ernst and Frisé n, 2015; Rakic, 1985; Stiles and Jernigan, 2010) . After birth, the neurogenic potential is restricted to few niches, namely the subventricular zone (SVZ) of the lateral ventricles, the subgranular zone (SGZ) of the dentate gyrus (DG), and the ventricular zone of the third ventricle (Altman and Das, 1965; Ming and Song, 2011; Weiss et al., 1996; Xu et al., 2005) . Most neurons originating in the SVZ develop a GABAergic phenotype and populate the olfactory bulb and other forebrain regions (Inta et al., 2008; Lois and Alvarez-Buylla, 1994; Luskin, 1993) . In the olfactory bulb, their function has been associated with olfactory learning and plasticity (Breton-Provencher et al., 2009; Lledo et al., 2008; Moreno et al., 2009) . Neurons derived from the SGZ, on the other hand, become glutamatergic and integrate into the granule cell layer of the hippocampal dentate gyrus (Zhao et al., 2006) , where they support memory formation, forgetting, stress buffering, and regulation of affective states (Akers et al., 2014; Deng et al., 2010; Snyder et al., 2011) . The less characterized neurogenic niche lining the third ventricle produces neurons that integrate in the hypothalamus (Lee et al., 2012) and appear to play a role in controlling food intake and body weight (Goodman and Hajihosseini, 2015; Lee et al., 2012) .
Adult neurogenesis constitutes an important source of plasticity and is itself subject to modulation by external events (Gu et al., 2013) . Stem cell niches respond dynamically to environmental changes, thereby providing the appropriate number of neurons that support the adaptation of the animal to new conditions (Lledo et al., 2006) . For instance, numerous studies demonstrated that enriched environment (EE) and physical exercise augment neurogenesis in the hippocampal SGZ (Kempermann et al., 1997; van Praag, 2008; van Praag et al., 1999; Vivar et al., 2013) . At the cellular level, complex processes translate changes in the environment into altered neurogenesis. Thus, physical exercise was reported to regulate the fate choice of stem cells and to increase the proliferation of neural stem cells (NSCs) and amplifying neural progenitors (ANPs), while enriched environment devoid of running wheels was shown to increase the survival and development of young neurons (Dranovsky et al., 2011; Gebara et al., 2016; Lugert et al., 2010; Olson et al., 2006; van Praag et al., 1999 van Praag et al., , 2000 . In spite of numerous studies investigating the link between environmental changes and SGZ neurogenesis, the underlying mechanism has remained enigmatic, and the search for mediators that signal external changes to neural progenitors in the niche is still ongoing.
Many intrinsic and extrinsic factors that modulate neurogenesis have been identified (Aimone et al., 2014; Crowther and Song, 2014) . Of these, the inhibitory neurotransmitter GABA plays a crucial role, as it regulates the SGZ niche at the level of both stem cells and young neurons. Specifically, GABA, spilled over from terminals belonging to nearby Parvalbumin-positive (PV+) interneurons, tonically activates GABA A receptors (GABA A R) on SGZ stem cells that are thereby kept in a quiescent state . Concomitantly, GABA from the same source acts synaptically on neuroblasts and increases their survival and maturation (Song et al., 2013) . Thus, the regulatory function of GABA on neurogenesis is complex as it exerts an opposite control onto stem cells and neuroblasts. How such a ''diametric regulation'' of GABA, as proposed by Song and colleagues (Song et al., 2013) , regulates neurogenesis under conditions of enriched environment and exercise has remained unknown. Thus, activity-dependent GABA release from Parvalbumin-positive cells causes an increase in the amount of neuroblasts. Enhanced GABA release, however, would keep stem cells quiescent, which is at odds with the reported proproliferative effect of physical exercise (Olson et al., 2006; van Praag et al., 1999) . It stands to reason to envisage a mechanism whereby the activity of GABA itself is modulated differentially in the distinct cell types of the niche. A promising candidate to be scrutinized in this context is diazepam binding inhibitor (DBI), i.e., a small protein of 87 amino acids that, secreted to the extracellular space (Abrahamsen and Stenmark, 2010) , can bind to the benzodiazepine binding site of the GABA A R and modulate its activity (Bormann, 1991; Bormann et al., 1985; Gray et al., 1986) . In the postnatal central nervous system, DBI is present in glial and ependymal cells, but not in neurons (Alho et al., 1995; Bormann, 1988; Papadopoulos et al., 2006) . We previously showed that in the SVZ, DBI is confined to progenitors. Furthermore, we demonstrated that both DBI and its short cleavage product ODN (octadecaneuropeptide), which spans residues 33-50 and binds with high affinity to the GABA A R (Slobodyansky et al., 1989) , enhance SVZ neurogenesis by negatively modulating GABA-induced currents in neuronal transit amplifying progenitors (Alfonso et al., 2012) . It was hence tempting to speculate that DBI might affect neurogenesis of glutamatergic neurons in the other major postnatal niche, i.e., the hippocampal SGZ, which is indeed the case, as we demonstrate in this study. Furthermore, we investigated the effect of DBI not only on fast-dividing progenitors, but also on stem cells. Based on DBI overexpression (OE) and knockdown (KD) experiments in vivo, we propose a modulatory mechanism whereby DBI, by inhibiting GABA currents on stem cells, regulates adult hippocampal neurogenesis and promotes the proproliferative effect of physical exercise.
RESULTS

DBI Is Expressed in NSCs of Postnatal Neurogenic Niches in the Mouse Brain
Pertinent to this investigation is our previous study, reporting DBI expression in the SVZ. Here we investigated the presence of DBI in the other neurogenic niches of the adult mouse brain by immunostainings using specific molecular markers that allow the staging of newborn cells (Nicola et al., 2015) . In the hippocampus of young mice (2-3 weeks old), DBI could be visualized in the SGZ, where it was present in virtually all radial glia (RG)-like NSCs (Figure 1A) , and the expression persisted in the adult ( Figure 1B) . Thus, we detected a strong DBI signal in 97.8% ± 0.38% (mean ± SEM, n = 6 mice) of Nestin + /SOX2 + stem cells (type 1 cells). DBI was also highly expressed in 87.16% ± 1.01% (mean ± SEM, n = 6 mice) of Nestin À /SOX2 + early ANPs (type 2a cells) and in 31.07% ± 2.39% (mean ± SEM, n = 2 mice) of Tbr2 + or Mash1 + late ANPs (type 2b cells) ( Figures 1C and 1D ). DBI was expressed in only 10.73% ± 1.15% (mean ± SEM, n = 6 mice) of DCX + cells, and the signal was barely detectable (Figures 1E and 1F) . These cells are very likely not postmitotic neuroblasts but represent type 2b late progenitors in which the declining SOX2 and the beginning of DCX expression overlaps ( Figure 1G ). Indeed, 96.28% ± 0.64% (mean ± SEM, n = 6 mice) of DBI-expressing cells co-localize with SOX2. Finally, we did not detect DBI in mature granule cell positive for NeuN (data not shown). Notably, DBI positivity was also found in all tanycytes that line the wall of the third ventricle ( Figures 1H and 1I) , where it co-localized with the stem cell markers Nestin and SOX2. Thus, in the postnatal and adult mouse brain, DBI is present in all neurogenic niches, and its expression is by and large confined to neuronal progenitors.
In Vivo Manipulation of DBI Expression Modulates Postnatal and Adult SGZ Neurogenesis
To investigate the functional role of DBI in SGZ adult neurogenesis, we took recourse to 2-month-old NestinCre ERT2 /DBI lx/lx mice (Neess et al., 2011; Zhu et al., 2014) , in which deletion of DBI in adult Nestin + neural stem cells and their progeny ensues upon tamoxifen administration. As controls, we used either NestinCre ERT2 /DBI lx/lx that were saline treated or NestinCre ERT2 (À)/ DBI lx/lx that received tamoxifen treatment. Tamoxifen or saline was administered for 1 week, and the brains were analyzed 3 weeks later. As expected, the genetic manipulation led to a partial deletion of DBI in NSCs and ANPs, but not in astrocytes, in the DG (Figures 2A and 2B ). There was no difference in the number of NSCs or mitotically active Ki67 + cells between the two control groups ( Figures 2C and 2D ). In contrast, DBI conditional knockout resulted in a reduction in the number of adult hippocampal NSCs ( Figure 2C ) and in cell proliferation in the DG ( Figure 2D ). These results demonstrate that DBI regulates progenitor proliferation in the hippocampal niche. We next used viral strategies that allow the manipulation of DBI expression levels and the concomitant labeling of infected cells to explore a putative effect of DBI in distinct neuronal progenitors in the niche. We first selected an approach that enables the specific labeling of SGZ neural stem cells (NSCs) and the follow-up of their progeny. To this end, we used lentiviruses expressing a short hairpin RNA (shRNA) sequence against DBI (knockdown) and the reporter protein EGFP that is controlled by a general promoter upon inversion of the floxed cassette following recombination. As control, we generated lentiviruses expressing a scrambled shRNA sequence and mCherry. A mix of DBI KD (green) and control (red) lentiviruses was injected in the DG of either postnatal day 7 (P7) or 3-month-old transgenic mice expressing Cre recombinase in Nestin + cells (Tronche et al., 1999) , and the mice were sacrificed 2 weeks later (Figure 3A) . We chose to use a viral mix to avoid a technical problem that might result from the fact that slight variations between injection sites could account for differences in neurogenesis, as the neurogenic niche is not homogeneous (Jinno, 2011) . As expected, the lentiviruses labeled NSCs and their progeny in the DG ( Figure 3B ). Control experiments verified the efficiency of the shRNA in vivo ( Figure S1A ) and certified that the genetic manipulation did not affect cell survival ( Figure S1B Figure 3C ), indicating that DBI KD in the niche promotes a drop in the early progenitor pool and a concomitant shift toward a neuronal fate. Qualitatively similar results were obtained when injecting adult mice (Figure 3C ). The quantitative difference between the two ages very likely reflects the age-dependent kinetics of neuronal development in the neurogenic niche (Zhao et al., 2006) . Thus, the higher number of labeled NSCs reflects the slower transformation into other cell types (see also Figures 4A and 4B ). We corroborated these results in mice with a wild-type background and used an alternative approach by employing non-Cre-dependent lentiviruses that enable co-expression of the shRNA against DBI and EGFP. As a control, we used lentiviruses expressing a scrambled shRNA sequence and tdTomato. We injected a mix of the two viruses in the DG of either P7 or 11-week-old wild-type mice and analyzed the niche 2 weeks later ( Figures S2A-S2C ). Also, this manipulation resulted in a decrease of SOX2+ neuronal precursor cells ( Figures S2D and  S2E ). Furthermore, there was a decrease in precursor proliferation, i.e., Ki67+ cells ( Figure S2D ), as also observed following the conditional knockout of DBI (see Figure 2) . We tested the specificity of this approach by performing rescue experiments. To this end, we achieved DBI KD with a shRNA sequence directed against the 3 0 UTR of the transcript (described before in Alfonso et al., 2012) . This shRNA targets the endogenous DBI mRNA, but not the one expressed from the rescue virus designed such to contain the DBI-coding sequence only. Indeed, the DBI expressing virus rescued the drop in the proportion of SOX2 + progenitors induced by DBI KD to almost control levels ( Figure S2D ). These results further support the notion that DBI regulates the progenitor pool in postnatal neurogenesis. Finally, we performed gain-of-function experiments and tested the effect of DBI OE in stem cells and their progeny. To this end, we used a Cre-dependent lentivirus coding for the floxed and inverted sequence of DBI in frame with the T2A linker and tdTomato. As control, a lentivirus coding for the floxed and inverted sequence of EGFP was used. We injected a mix of the two viruses in transgenic NestinCre mice at P7 and analyzed the niche at P21 ( Figure 4A ). In contrast to the results obtained following DBI KD, DBI OE resulted in an increase of NSCs, astrocytes, and neuroblasts but in a decrease of young neurons ( Figure 4A ). A comparable effect was found when DBI was overexpressed in stem cells from adult mice ( Figure 4B ). The observed decrease in the proportion of neurons at an early time point of investigation (2 weeks post-injection [wpi]) was no longer detectable at later time points (3 months post-injection), indicating that newborn neuroblasts overexpressing DBI eventually mature ( Figure 4B ). Of note, the proportion of DBI-overexpressing stem cells remained significantly increased in the long-term experiment. Thus, DBI OE leads to an expansion of the progenitor pool in the niche. Altogether, our results demonstrate that DBI controls the balance between preserving the progenitor pool and producing new neurons in postnatal and adult neurogenesis.
DBI Regulates the Activity of SGZ NSCs via GABA A Receptor Inhibition
To investigate the signaling mechanism governing DBI-mediated modulation of SGZ neurogenesis, we tested the effect of the DBI-derived peptide ODN that preferentially binds to the GABA A R using a stem-cell-specific approach as before. We generated a lentivirus coding for ODN (a double-floxed inverted sequence) and injected it in the DG of NestinCre mice together with a control virus ( Figure 4C ). 2 weeks post-injection, we found a significant increase in the proportion of stem cells and progenitors in the ODN-expressing group ( Figure 4C ), comparable to our results obtained following overexpression of DBI. This is compatible with a scenario in which DBI exerts its action via the GABA A R in SGZ neuronal progenitors. To provide direct evidence in support of this notion, we performed patch-clamp recordings and tested directly whether DBI modulates GABA currents in SGZ stem cells. We injected a lentivirus expressing tdTomato from a GFAP promoter in the DG of P7-old wild-type mice and, 1 to 2 weeks later, performed patch-clamp recordings from fluorescently labeled stem cells that were identified on the basis of their morphological and electrophysiological characteristics ( Figures 5A and 5B). We measured GABA-mediated currents in patched stem cells held in voltage-clamp mode at a holding potential of À60 mV by sequentially applying a local puff of GABA or GABA plus ODN. GABA-induced responses were partially inhibited by ODN ( Figure 5C ). Thus, the endozepine ODN acts as a negative allosteric modulator of the GABA A R in hippocampal stem cells. DBI is known to bind to the central benzodiazepine binding site (Costa and Guidotti, 1991) that was mapped onto the extracellular domain of the a and g subunits of the GABA A R (Ernst et al., 2003; Sigel, 2002) . In mice that carry a phenylalanine (F) to isoleucine (I) substitution at position 77 in the N-terminal domain of the g 2 subunit (gamma2 F77I), benzodiazepine binding is reduced (Cope et al., 2004; Ogris et al., 2004) . Notably, the ODN-mediated reduction in GABA-induced currents was nearly abolished in the mutant mice ( Figure 5C ). If DBI exerts its effect on DG neurogenesis by binding externally the GABA A R, one expects a differential DBI effect in wild-type and mutant mice. Hence, we injected the control and DBI-overexpressing viral mix in wild-type and mutant mice. As expected, the proportion of DBI-overexpressing SOX2 + precursor cells was significantly increased compared to that of control-infected SOX2 + cells in wild-type mice. In contrast, there was a drastically mitigated effect in the mutant ( Figure 5D ). Altogether, our results provide strong evidence that DBI/ODN affects the SGZ niche by negatively modulating the GABA A R in stem cells.
DBI Is Required for the Proneurogenic Effect Induced by
Enriched Environment SGZ neurogenesis is influenced by external factors such as enriched environment and exercise, both having a proneurogenic effect (Kempermann et al., 1997; van Praag et al., 1999; Vivar et al., 2013) . Since GABA has been proposed to couple electrical activity in the hippocampus to the activity of the SGZ niche, thereby exerting a proneurogenic effect in an enriched environment (Song et al., 2013) , we investigated whether DBI plays a modulatory effect under these conditions. We injected 1-month-old NestinCre mice with either the Cre-dependent KD or the control lentivirus and kept the mice either in standard conditions housing (SH) or in an enriched environment (EE) with free access to running wheels. After 3 weeks, the mice were sacrificed, and the number of DCX + neuroblasts in the DG was quantified ( Figure 6A ). There was no difference in the number of DCX + cells when comparing control-injected DGs (virus expressing scrambled shRNA) with the non-injected DGs ( Figure S3A ), indicating that the manipulation of virus injection per se had no effect. In accordance to previous reports, there was a significant increase in the number of DCX + cells in the DG of mice housed in EE (Figures 6B-6D ; Figure S3A ). Notably, DBI KD prevented the EE-induced increase of DCX + cells ( Figures 6B-6D ). This is also reflected upon investigating the number of proliferating cells. The significant increase of Ki67 + cells under conditions of EE is curtailed in the DG of mice subjected to DBI KD ( Figures 6E and 6F ). Similar results were obtained when DBI ablation was achieved by non-Cre-dependent lentiviruses, and the effect of the genetic manipulation under condition of EE was tested ( Figure S3B ). DBI KD inhibited completely the pronounced increase in SOX2 + progenitors in the DG of mice subjected to EE ( Figure S3B ). These results demonstrate that DBI is required to promote the proneurogenic effect of EE and exercise.
DBI Is Expressed in Adult NSCs in the Rhesus Monkey
As we showed previously (Alfonso et al., 2012) and in this study, DBI is expressed in all neurogenic niches in the postnatal and adult mouse brain and is a crucial modulator of neurogenesis. Given that adult neurogenesis was reported for many species (Kempermann, 2012) , and that the DBI sequence is conserved between species (Burton et al., 2005) , we searched for the presence of DBI in postnatal neurogenic niches in monkey. Indeed, in the DG of a 1-year-old Rhesus monkey, we detected DBI in the SGZ ( Figure 7A ). Upon closer inspection, we found DBI to be strongly expressed in all GFAP + SOX2 + RG-like putative stem cells and in SOX2 + cells lacking a radial process, which are putative ANPs ( Figure 7B ).
DISCUSSION
Neurogenesis takes place in three niches in the adult brain-the SVZ, the SGZ, and the walls of the third ventricle Xu et al., 2005 )-and confers a distinct mode of plasticity that contributes to the adaptation of the organism in a new environment (Lledo et al., 2006) . Adult neurogenesis is regulated by multiple factors, among which GABA plays a significant role (Aimone et al., 2014; Crowther and Song, 2014) . We previously identified DBI expression in the SVZ and found that it acts as a positive regulator of neurogenesis by inhibiting GABA feedback signaling in the niche, thereby increasing the proliferation of neural transit amplifying progenitors (Alfonso et al., 2012 ). Here we report that DBI is expressed in all stem cells of the three neurogenic niches in the adult, and we provide functional evidence that DBI is a key modulator of postnatal and adult hippocampal neurogenesis by affecting neural stem-cell fate decision. In conjunction with data reported before, we conclude that DBI modulates postnatal neurogenesis both of GABAergic neurons (Alfonso et al., 2012 ) and of glutamatergic neurons as shown in this study. Mann-Whitney rank-sum test). Scale bars in (A) and (B) represent 10 mm.
As DBI expression is confined to neuronal progenitors in the three adult neurogenic niches, it stood to reason to investigate its involvement in the regulation of neurogenesis. We took recourse to three in vivo strategies to affect expression levels of DBI and study its role in the hippocampus: an inducible genetic system in which DBI deletion is restricted to stem cells upon tamoxifen treatment, a combination of a genetic model and viral injections that allows us to follow up labeled stem cells and their progeny, and finally intracranial lentiviral injections in the SGZ of wild-type mice. All approaches provided evidence that reducing or ablating DBI in stem cells led to a decrease of stem cells, astrocytes, and amplifying progenitors, while DBI overexpression had the opposite effect. Thus, DBI is a potent regulator of stem cell self-renewal. The most likely underlying scenario is that DBI keeps stem cells in symmetric division. This is in line with the model proposed by Song and colleagues, according to which reduction of GABA signaling onto stem cells increases symmetric and asymmetric cell division, thereby augmenting the stem cell pool and astrocyte production, respectively . Whether the concomitant regulation of astrocyte production is a mere ''side product'' cannot be inferred from our data.
We previously reported that, at least in SVZ neuronal progenitors, DBI increases the number of cell divisions without affecting cell-cycle length (Alfonso et al., 2012) . As the same molecular mechanisms govern DBI-mediated modulation of neurogenesis in the two major postnatal niches, it is likely that DBI prevents cell cycle exit, thereby increasing proliferation in the SGZ. Our hypothesis is further supported by the observation that the proportion of adult born neurons increased 2 weeks subsequent to DBI KD but decreased following OE in stem cells. In the DBI KD condition, progenitors would exit the cell cycle earlier, which would increase the proportion of neurons. In the DBI OE condition, on the other hand, progenitors would undergo more rounds of division, delaying the neurogenic process. This notion is supported by the observation that eventually, i. Figure S3 .
post-injection, the fraction of newborn neurons derived from DBI-overexpressing precursors equals the control group, suggesting a later maturation. Together, the genetic manipulations reveal that DBI regulates the balance between preserving the stem cell pool and neuron generation. Thus, DBI adds another regulatory component to the current models of adult neurogenesis. According to the model proposed by Encinas and colleagues, a quiescent RG-like stem cell divides about three times asymmetrically, giving rise to another stem cell and to an intermediate progenitor, and subsequently transforms into an astrocyte (Encinas et al., 2011) . In this model, a depletion of stem cells would ensue over time, which would explain the agedependent decrease of neurogenesis. In the model proposed by Song and colleagues, RG-like quiescent stem cells are thought either to be activated and undergo asymmetric division producing ANPs or astrocytes or to divide symmetrically, giving rise to two RG-like stem cells (Bonaguidi et al., 2011) . In this model, symmetric division of NSCs supports the expansion of the stem cell pool. Further experiments will hopefully shed light on the validity of these models . However, in both scenarios, by modulating the proliferation of stem cells, DBI regulates the equilibrium in the niche, influencing the balance between preservation of the stem cell pool and neuron production.
Electrophysiological measurements of SGZ stem cells showed that DBI acts as a negative modulator of GABA A R by binding to the benzodiazepine binding site. The function of DBI as a negative allosteric modulator of the GABA A R was shown before in cultured spinal cord neurons (Bormann et al., 1985; Costa and Guidotti, 1991) and in neural progenitors of the SVZ (Alfonso et al., 2012) . DBI was also found to act as a positive allosteric modulator of the GABA A channel in neurons of the thalamic reticular nucleus . Whether a different subunit composition of the GABA A R in defined cell types might account for the differential effect of DBI remains to be seen. Previous studies on GABA A R expressed in heterologous systems demonstrated that specific mutations in the alpha and gamma subunit of the GABA A R affect benzodiazepine binding (Buhr et al., 1996 (Buhr et al., , 1997 Wieland et al., 1992) . Indeed, the phenylalanine to isoleucine substitution at position 77 in the gamma subunit abrogated the effect of DBI fragment ODN on GABA-evoked currents in our hands. The transgenic mice carrying this mutation allowed us to unequivocally prove that DBI function in neurogenesis is signaled via its extracellular binding to the GABA A R in vivo. In addition, the DBI cleavage product ODN that binds preferentially to the GABA A R benzodiazepine binding site mimicked the in vivo effects of DBI in hippocampal neurogenesis, strengthening the conclusion from the mutant mouse model. Although we cannot exclude additional intracellular signaling of DBI/ODN via binding to acylCoA or the mitochondrial translocator protein TSPO (Farzampour et al., 2015; Neess et al., 2015) , we think that this is highly unlikely. Thus, ODN lacks the key residues required for acylCoA binding (Hansen et al., 2008 ). An effect via the TSPO pathway is also improbable. In contrast to DBI that exhibits high-affinity binding to TSPO, ODN binds with low affinity (Slobodyansky et al., 1989) . Nevertheless, the reported effect here on progenitor proliferation is comparable. In this context, it is noteworthy that, as we previously demonstrated, pharmacological interference with DBI-modulated GABA signaling, but not TSPO-mediated signaling, halts proliferation of postnatal neural progenitors in vitro (Alfonso et al., 2012) . Hence, we conclude that DBI operates via the same signaling pathway in neural progenitors in the different neurogenic niches. One open question in the field of neurogenesis regards the underlying mechanism regulating neurogenesis in an environmental-dependent fashion. The proneurogenic effect of exercise and enriched environment at the level of the SGZ has been studied extensively (Kempermann et al., 1997; van Praag et al., 1999; Vivar et al., 2013) . Similar to previous reports, we found that enriched environment and voluntary running in mice led to an increase in the proliferation of stem cells and amplifying progenitors (Dranovsky et al., 2011; Gebara et al., 2016; Lugert et al., 2010; Olson et al., 2006) . The neurotransmitter GABA is a strong candidate that modulates the activity of the stem cell niches in response to external conditions. Thus, enriched environment was shown to increase the activity of PV+ neurons (Mann and Paulsen, 2007) . Furthermore, the firing rate of PV+ neurons in the hippocampal-entorhinal cortex formation is strongly modulated by the running speed of the animal (Czurkó et al., 1999; Kropff et al., 2015) . As optogenetic suppression of PV+ neurons abolishes the increase in survival induced by enriched environment, it was proposed that GABA originating from PV+ neurons couples local network activity and neurogenesis (Song et al., 2013) . However, an increase in the activity of PV+ neurons and the associated enhanced release of GABA would keep stem cells quiescent. We provide evidence that DBI can counteract the negative modulatory effect of GABA on stem cell proliferation. Thus, GABA-mediated increase in the survival and the development of young neurons after enriched environment and exercise can occur without pushing the stem cells into quiescence.
In sum, we identify DBI as a negative modulator of GABA that supports fine-tuning of stem cell proliferation in the niche and allows for a flexible regulation of neurogenesis under conditions of environmental changes ( Figure 8 ). As DBI is expressed in stem cells of the SGZ in the Rhesus monkey brain, it is tempting to speculate that the regulatory mechanism revealed here is not restricted to rodents.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Immunostainings
Immunohistochemistry was performed using a free-floating staining protocol. Slices were permeabilized and blocked for one hour in a 3% BSA, 0.2% Triton PBS solution before overnight incubation with the primary antibody in 3% BSA, 0.2% Triton in PBS. Sections were washed 3 times with PBS and further incubated for 1.5h with the secondary antibody in 3% BSA, 0.2% Triton. After incubation, slices were washed 3 times with PBS and mounted onto glass slides using Mowiol. For the monkey tissue, brain slices were permeabilized and blocked for one hour in a 5% BSA, 1% Triton, PBS solution before overnight incubation with the primary antibody in 5% BSA, 1% Triton, PBS solution. Slices were washed 3 times with PBS and further incubated for 1.5h with the secondary antibody in a 5% BSA, 1% Triton, PBS solution. For BrdU staining, before the free floating staining protocol presented above, the slices were first incubated in 1M HCl solution for 30 min at 37 C and afterward for 15 min in Tris buffer pH 8. For the staining used to detect Tbr2, a citrate buffer antigen retrieval step was used following the protocol published by Hussaini et al., 2013 . The brain slices were boiled for 7 min in a 1.8mM citric acid and 8.2mM sodium citrate solution and were afterward left to cool for one hour in the same solution, on ice. The following primary antibodies were used: rabbit anti-DBI (1:50, Santa Cruz), rabbit anti-DBI (1:500, Aviva), mouse anti-GFAP (1:500, Sigma), chicken anti-Nestin ( 
Plasmid Constructs and Virus Production
The following shRNA sequences described by Alfonso et al. (2012) were used to knockdown DBI: DBIa: GCTGTTCATCTACAGT CACTT targeting the coding sequence of mouse DBI and DBIb: CCTGTGAGGACATAATGC targeting the 3 0 UTR of mouse DBI. For the in vivo experiments, the following non-Cre dependent viral constructs were used: 1) DBI KDa: pCDH-EF1-EGFP-H1-shRNADBIa; 2) DBI KDb: pCDH-EF1-H1-EGFP-shRNADBIb; 3) Ctrl KD: pCDH-EF1-tdTomato-H1-shRNAscrambled; 4) DBI OE: pCDH-EF1-DBI-T2A-tdTomato; 5) CtrlOE: pCDH-EF1-EGFP. The non-Cre dependent pCDH lentiviral constructs were created by subcloning the cassettes containing the sequences for H1-shRNAa-EGFP, H1-shRNAb-EGFP, DBI-T2A-tdTomato or EGFP from the plasmids used by Alfonso et al. (2012) in an empty pCDH vector. The following cre-dependent lentiviral constructs were used: 1) DBI KD: pCDH-EF1-LoxP-H1-shRNADBIa-EGFP(inverted)-LoxP; 2) Ctrl KD: pCDH-EF1-LoxP-H1-shRNAscrambled-mCherry (inverted)-LoxP; 3) DBI OE: pCDH-EF1-LoxP-DBI-T2A-tdTomato-LoxP; 4) Ctrl OE: pCDH-EF1-LoxP-EGFP (inverted)-LoxP; 5) ODN OE: pCDH-EF1-LoxP-ODN-T2A-tdTomato-LoxP. For constructing the Cre-dependent viruses, the LoxP sites were subcloned from a retroviral vector kindly provided by Prof. Oscar Marin (MRC Centre for Developmental Neurobiology, King's College, London, UK) into a lentiviral backbone (pCDH), followed by subcloning the sequences for H1-shRNAa-EGFP, H1-shRNAb-EGFP or the inverted sequences for DBI-T2A-tdTomato, ODN-T2A-tdTomato or EGFP. For electrophysiological recordings, we used a pCDH lentiviral vector expressing tdTomato driven by the GFAP promoter. For virus production, the packaging cell line HEK293 was transfected (using a calcium transfection protocol) with the viral backbone vector together with the VSVG and D-helper plasmids. Two days later, the viral particles were purified and concentrated by ultracentrifugation and the concentrated viral solution (10 6 -10 8 cfu/ml) was titrated.
Stereotactic Brain Injection
P7 or 1 to 3 months old mice were anesthetized via isoflurane inhalation. The mice were fixed in a stereotactic device and were kept under isoflurane inhalation during the entire procedure. The viral mixes (Ctrl and KD or OE) were injected in the hippocampus using a pulled glass pipette. For targeting the hippocampus the following coordinates were used starting from Bregma P7 old mice: À1.5mm anteroposterior; +/À1.5mm mediolateral; À1.7mm dorsoventral; mice older than one month: À2mm anteroposterior; +/À1.7mm mediolateral; À2mm dorsoventral.
Electrophysiology
Whole-cell patch-clamp recordings were employed using male and female mice (3-4 weeks old, wild-type C57BL/6, n = 4, and gamma2 mutant mice n = 6). Mice were deeply anaesthetized with isoflurane, followed by transcardial perfusion with a 30 mL sucrose solution containing (in mM) 212 sucrose, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 3 KCl, 7 MgCl 2 , 10 glucose and 0.2 CaCl 2 , cooled to 4 C and oxygenated with carbogen gas (95% O 2 / 5% CO 2 , pH 7.4). Acute horizontal sections (250 mm) were prepared using a vibratome (Slicer HR2, Sigmann Elektronik, Germany). The tissue was incubated at room temperature for 1 hr in oxygenated extracellular solution containing (in mM) 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 and 25 glucose. For recordings, individual slices were transferred into a submerged chamber superfused (perfusion rate 3.0 ml/min) with oxygenated extracellular solution (heated up to 30-32 C). Fluorescently labeled stem cells in the dentate gyrus were visualized with epifluorescence and DIC optics.
Recording pipettes, pulled from borosilicate capillaries with the tip resistance of 6-8 MU, were filled with a high Cl -solution containing (in mM) 127.5 KCl, 11 EGTA, 10 HEPES, 1 CaCl 2 , 2 MgCl 2 and 2 Mg-ATP (pH 7.3). Liquid junction potentials were not corrected. To test fluorescently labeled stem cells for the absence of action potentials, in current-clamp mode individual current steps ranging from À100 to 100 pA (delta 20 pA) were injected into the cell soma. Local puff applications of GABA (50 mM) and GABA/ODN (50 mM /20 mM), sequentially (each with a duration of 1 s at 0.01 bar) onto patched stem cells were performed in voltage-clamp at a holding potential of À60 mV. Stimulus delivery and data acquisition were performed with PatchMaster software (HEKA). Signal were filtered at 3 kHz and digitized at 20 kHz. Data were analyzed offline with HEKA software FitMaster, and results are presented as mean ± SEM.
Tamoxifen/Saline Administration Protocol Tamoxifen Administration
To obtain DBI KO mice, 2 months old NestinCre ERT2 /DBI lx/lx mice were injected intraperitoneally with 50mg tamoxifen/kg mouse twice a day for 7 consecutive days. The mice were sacrificed 3 weeks later. Tamoxifen was prepared as a 10mg/mL solution in corn oil. Saline Administration NestinCre ERT2 /DBI lx/lx mice were injected intraperitoneally with sterile, isotonic sodium chloride solution equivalent to the volume of corn oil injected in the tamoxifen treated mice, twice a day for 7 consecutive days. The mice were sacrificed 3 weeks later.
BrdU Administration Protocol
To quantify cell proliferation the mice received intraperitoneally 2 pulses of 30mg/Kg BrdU in one day (morning and evening) and were sacrificed 24h afterward. BrdU was administered as a 10mg/mL BrdU solution in sterile isotonic NaCl solution (Gratzner, 1982; Kee et al., 2002) .
QUANTIFICATION AND STATISTICAL ANALYSIS
For all quantifications, pictures from at least 3 brain slices/ mouse were acquired. The quantifications were performed blinded when possible.
Conditional DBI KO
We quantified the density of NSCs (RG-like Nestin + /SOX2 + cells) and/or dividing cells (Ki67 + cells) in NestinCre ERT2 /DBI lx/lx mice by dividing the number of counted cells to the volume of the granular layer in which they were counted.
DBI KD and OE Using Lentiviral Strategies
To determine the efficiency of DBI KD in the SGZ we injected non-cre dependent DBI KD virus in one wt mouse which was sacrificed 2 weeks post injection. We analyzed 8 slices partially infected with DBI KD virus and measured the mean gray value in the infected and non-infected SGZ area. For the data presented in Figure S1A we set the mean gray value of the control as 100% and normalized accordingly the value for the DBI KD infected area. The statistical analysis was performed using the raw data. For testing the influence of DBI KD on cell survival we injected 5 NestinCre mice (1 month old) with DBI KD virus and sacrificed them after 3 weeks. We analyzed 3 brain slices per mouse and determined the number of cells positive for active caspase 3 in the area infected with DBI KD virus and in non-infected area. The data in Figure S1B were calculated by dividing the number of active caspase 3 positive cells to the volume of DG in which they were counted and were expressed as cells and adult born neurons (NeuN + /DCX -/virus + neuron morphology) was evaluated with independent immunostainings. The calculations were performed separately for Ctrl, KD or OE infected cell populations and the results were subsequently compared. We quantified percentage of cells instead of absolute cell numbers to rule out effects resulting from in vivo titer differences between Ctrl and OE or KD viruses. Double infected cells with Ctrl and OE or KD viruses (red and green) were included in the experimental group. Although we cannot exclude that some Nestin-negative infected cells express the shRNA but not the fluorescent marker, these cells do not constitute a confound because they were not included in our analysis which comprise labeled cells only. Most importantly, control-labeled cells (red) were Nestin+ at the time of the infection and, hence, cannot be shRNA DBI+ and not green.
Enriched Environment
In experiments related to DBI function in enriched environment and exercise, we injected NestinCre mice with Cre-dependent DBI KD virus (expressing the shRNAa sequence driven by the H1 promoter, and EGFP upon recombination driven by the EF1 promoter) or control virus (expressing the shRNA scrambled sequence driven by the H1 promoter, and mCherry upon recombination driven by the EF1 promoter). The mice were kept for 3 weeks either in standard housing conditions or in an enriched environment with free access to running wheels. We showed in Figure S3 that there was no difference between non-infected areas of the DG and control infected areas, therefore, in the DBI KD experiment we used the non-infected DG as control. We quantified the density of neuroblasts 
Statistical Analyses
Statistical analyses were performed with the SigmaPlot software. For all datasets we first checked if they had a normal distribution using the Shapiro-Wilk normality test. We further used parametric tests for normally distributed datasets and non-parametric test for datasets that were not normally distributed. In experiments where we measured treated and control cells in the same mouse (viral mix injections), we used paired difference tests. The type of statistical test used, the result, and the number of replicates for each experiment was presented in the corresponding figure legend. For all experiments no data point was excluded from the analysis.
